Recent studies indicate that the protein affected in spinal muscular atrophy, SMN, plays a role in the assembly of a number of macromolecular complexes that function in the nucleus, interacting with its partner proteins via their arginine-and glycine-rich domains.
Recent studies [2] [3] [4] [5] [6] [7] [8] have revealed connections between SMN and a variety of cellular proteins: the Sm and Smlike (LSm) proteins which associate with small nuclear (sn)RNAs; fibrillarin and GAR1, which associate with small nucleolar (sno)RNAs; RNA helicase A, which interacts with RNA polymerase II; and the coilin protein of intranuclear 'Cajal bodies'. SMN interacts with these proteins by a common mechanism involving arginine and glycine (RG)-rich domains in the partner proteins. It has been well demonstrated that SMN plays a role in the assembly of complexes of Sm proteins and small nuclear RNAs [9] [10] [11] [12] [13] [14] . The new studies suggest that SMN may function as a master assembler for complexes involved in ribosome production, transcription and pre-mRNA splicing. The studies also point to Cajal bodies as sites where the nuclear SMN-mediated assembly reactions take place.
Splicing: assembly of snRNPs and spliceosomes
Pre-mRNA splicing requires the action of snRNPs, RNA-protein complexes containing the snRNAs U1, U2, U4, U5 and U6. The U1, U2, U4, and U5 snRNAs assemble into complexes with the Sm proteins B/B′, D1-3 and E-G; U6 snRNA associates with LSm proteins. Ultimately, the individual mature snRNP complexes organize into spliceosomes: dynamic, higher-order ribonucleoprotein complexes which catalyze the pre-mRNA splicing reactions. The first insight into the role of SMN in assembly of complexes came from experiments by the Dreyfuss and Fischer groups [9] [10] [11] [12] [13] that demonstrated the importance of SMN (and other protein components of the SMN complex) in both the assembly of individual snRNP complexes and the generation of active spliceosomes. Both roles appear to be mediated by interaction of SMN with a subset of the core Sm and LSm proteins. SMN interacts directly with Sm proteins B/B′, D1 and D3, and with LSm 4, via the RG-rich domains present in the carboxy-terminal regions of these proteins [7, 8] .
Ribosome production: assembly of snoRNPs
The small nucleolar (sno)RNAs are a large family of transacting RNAs that function in the biogenesis of ribosomes in the nucleolus (reviewed in [15, 16] ). The snoRNAs are required for cleavage and modification of ribosomal (r)RNA. There are two classes of snoRNAs that are distinguished by conserved sequence features, associated proteins and the type of modifications that they direct. New work from the Dreyfuss laboratory [3] , published recently in Current Biology, indicates that SMN interacts with both fibrillarin and GAR1, core protein components of the Box C/D and Box H/ACA snoRNPs, respectively. These interactions have also been identified, independently, in our laboratory ( [5] and our unpublished data).
In vitro binding assays performed with full-length and truncated forms of the protein showed that SMN interacts directly with both fibrillarin and GAR1, and that the interactions are mediated by the RG-rich domains at the amino terminus (fibrillarin and GAR1) and/or carboxyl terminus (GAR1) of the proteins ( [3, 5] and our unpublished data). Also, specific point mutations identified in individuals with spinal muscular atrophy were found to impair association of SMN with each of the core snoRNP proteins ( [3, 5] and our unpublished data). The interactions were also shown to occur in vivo in human cells [3, 5] . The snoRNPs are ribonucleoprotein particles very much akin to snRNPs, and the clear implication is that SMN also plays a role in the assembly of snoRNPs.
Transcription: generation of transcription machinery
Other recent results suggest that the SMN complex may also be responsible for the assembly of the major transcription machinery of the cell. The Dreyfuss group [4] has shown that the SMN complex interacts with RNA helicase A in vivo. RNA helicase A is an ATP-dependent DEAH-box RNA helicase that physically associates with RNA polymerase II and has been reported to play a part in transcription. In vitro binding studies demonstrated that, yet again, SMN interacts directly with RNA helicase A via the latter protein's carboxy-terminal RG-rich domain. Disruption of SMN function in vivo, using a dominant negative mutant form of SMN, inhibited transcription by RNA polymerases I and III, as well as RNA polymerase II, indicating that SMN may be required to generate each of the three major transcription complexes.
SMN and coilin
Coilin is the defining molecular marker of the intranuclear structures known as Cajal bodies. Recent work by the Matera group [6] suggests that SMN is recruited to Cajal bodies by a direct interaction with coilin. The RG-rich domain of coilin was found to mediate SMN binding both in vivo and in vitro. The interaction was disrupted by mutation of the RG-rich domain of coilin, and a carboxyterminal fragment of coilin containing the RG-rich domain was sufficient for SMN association in vivo. Furthermore, while transient expression of wild-type coilin in embryonic fibroblasts from a coilin knockout mouse restored the formation of SMN-containing Cajal bodies, expression of RG domain coilin mutants did not [6, 17] .
SMN binding
There is currently conflicting evidence on which part of SMN interacts with the RG-rich regions of the various target proteins. The work of the Dreyfuss group indicates that the carboxy-terminal region of SMN mediates binding to Sm and LSm proteins, RNA helicase A, fibrillarin and GAR1 [3, 4, 8, 14] . Other laboratories have found that SMN's so-called Tudor domain directly mediates binding to Sm proteins, coilin, fibrillarin and GAR1 [5, 6, 9, 10] . Tudor domains are conserved protein modules that are thought to mediate protein-protein interactions and are often found in RNA-associated proteins [2] .
A recent NMR study has revealed that negatively charged residues surrounding a hydrophobic pocket in the barrellike structure of SMN's Tudor domain interact with the RG-rich carboxy-terminal tails of Sm proteins [2] . The experiments by the Dreyfuss laboratory did not directly test the role of the Tudor domain. The ability of the Tudor domain alone to mediate specific binding of several partner proteins ( [5, 6, 9] and our unpublished data), along with the specific interactions observed by NMR [2] , would seem to indicate that the Tudor domain is the primary SMN binding site for RG-rich proteins.
Another important aspect of SMN interaction may be the methylation state of the target protein. In most (or all) cases, arginines within the RG-rich domains of the target proteins are post-translationally methylated. The Dreyfuss laboratory has demonstrated that dimethylation markedly enhances SMN binding to RG repeats and that, at least in the case of Sm proteins D1 and D3, SMN displays a clear preference for the naturally occurring symmetrically dimethylated forms over asymmetrically dimethylated forms [7] .
All roads lead to the Cajal body
The Cajal body appears to be the nuclear site where SMN facilitates assembly of various diverse cellular complexes (Figure 1) . The Cajal body is the one cellular structure known to contain SMN, as well as the recently identified SMN targets and other factors involved in the pre-mRNA and pre-rRNA processing and transcription pathways. Furthermore, removal of the amino-terminal 27 amino acids of SMN produces a dominant-negative phenotype in which enlarged Cajal bodies specifically accumulate the SMN target proteins [3, 4, 18] . The missing amino acids may be Pre-mRNA splicing Pre-rRNA processing Ribosome production Transcription important for SMN's ability to assemble complexes, release bound target proteins or transport the assembled complexes from the Cajal bodies. For many years the function of the Cajal body has been a puzzle. Gall [19] has recently proposed that Cajal bodies serve as pre-assembly sites for transcriptosomes. SMN appears to be the link between the diverse constituents of the Cajal body, including spliceosomes and snoRNPs as well as transcriptosomes, and may have finally revealed the Cajal body's raison d'être.
Concluding remarks
The studies described here have provided connections between SMN and macromolecular complexes involved in mRNA splicing, ribosome production and transcription (Figure 1 ). SMN interacts with integral components of snoRNPs and transcription complexes, as well as snRNPs and spliceosomes, by apparently similar mechanisms involving the common RG-rich domains. The SMN complex has been shown to mediate the assembly of snRNPs and spliceosomes, and is now also hypothesized to play a role in assembly of snoRNPs and transcription machinery. The current research suggests that spinal muscular atrophy results from a deficiency in the assembly of some macromolecular complex(es) that are particularly critical to the function of motor neurons.
